Introduction {#S1}
============

Integral membrane proteins (IMPs) account for 25--30% of all open reading frames in sequenced genomes^[@R1],[@R2]^. This class of proteins plays vital roles in diverse cellular functions, many of which involve material and/or information transfer across tightly sealed lipid bilayer membranes. Examples of these functions include molecular transport, energy generation, signal transduction, osmotic regulation, and membrane-associated biochemistry. Owing to their centrality in such a wide variety of cellular processes, it is not surprising that these proteins comprise a majority of known drug targets^[@R3]--[@R5]^.

From a structural perspective, IMPs are intrinsically hydrophobic and thus have low solubility in aqueous environments. As such, IMPs naturally exist within lipid membranes where they make extensive non-polar contacts with the hydrophobic core of the bilayer^[@R6]^. The poor water solubility of IMPs creates a roadblock to characterizing their structure and function^[@R7]--[@R9]^, and also represents one of the most substantial barriers to developing membrane protein technologies^[@R10]^. To overcome this challenge, IMPs can be solubilized using detergents or detergent-like reagents (*e.g.*, protein-based nanodiscs^[@R11]^, peptide-based detergents^[@R12]^, and amphiphilic polymers^[@R13]^) that encircle the protein and provide a lipophilic niche inside a detergent micelle. However, identifying the optimal detergent for a given IMP often involves a time consuming process of trial and error^[@R14]^. Moreover, the technological potential of IMPs solubilized by any of these methods can only be investigated *in vitro.*

A radical alternative for IMP solubilization involves redesigning the protein to dissolve in water without the need for exogenous solubilizing agents. For example, a computational approach has been used to engineer a water-solubilized variant of the bacterial ion channel KcsA by mutating 29 of its lipid-contacting hydrophobic residues to more hydrophilic ones^[@R15]^. Indeed, following expression in *Escherichia coli* cells, high soluble yields of this designed KcsA variant were recovered in the absence of detergent solubilization. Importantly, the water-soluble variant retained the intended functional and structural properties of the wild-type protein. Along similar lines, we recently described a method for *in vivo* solubilization of IMPs that retained the correct fold and functional form of the protein without adding detergents or mutations to the IMP sequence^[@R16]^. This technique, called SIMPLEx (solubilization of IMPs with high levels of expression), enables soluble expression of IMPs directly in living cells by genetically modifying an IMP target with a truncated version of human apolipoprotein A-I, which effectively shields the IMP from water and promotes its solubilization. In addition to being amphipathic, truncated ApoAI exhibits substantial structural flexibility that allows it to readily conform to a spectrum of different geometries as needed^[@R17]^. Importantly, because the water-soluble IMPs are expressed inside cells, the SIMPLEx method has the potential to enable *in vivo* applications (*e.g.*, metabolic pathway engineering) that leverage the activity of solubilized IMPs.

To test this notion, we attempted to reconstitute the disulfide bond-promoting activity of the membrane-bound DsbB enzyme in the *E. coli* cytoplasm. In wild-type *E. coli*, the oxidation of cysteine pairs to form a disulfide bond occurs in the periplasm^[@R18]^ and is catalyzed by DsbB, which is comprised of four transmembrane helices and two periplasmic loops^[@R19]^, and DsbA, a soluble periplasmic enzyme that donates its own extremely reactive, oxidizing disulfide directly to other proteins as they enter the periplasmic space^[@R20]^. Each periplasmic loop of DsbB contains a pair of conserved cysteines that are required for the re-oxidation of DsbA^[@R21]^. Specifically, the Cys41--Cys44 residues form a disulfide bond in response to quinone reduction^[@R21],[@R22]^. This disulfide is subsequently transferred to Cys104--Cys130, which forms a disulfide that is donated to the active-site cysteines of DsbA^[@R23]^. Hence, DsbB effectively bridges the electron transport chain with oxidative protein folding.

To create a cytoplasmic pathway for disulfide bond formation, we used the SIMPLEx method to convert DsbB into a water-soluble biocatalyst that could be functionally expressed in the cytoplasm. Specifically, we designed chimeras in which the C-terminus of DsbB was fused to truncated ApoAI while a highly soluble "decoy" protein was fused to its N-terminus. When these solubilized DsbB chimeras were co-expressed with an export-defective copy of DsbA, the normally periplasmic DsbB-DsbA pathway was completely recompartmentalized in the *E. coli* cytoplasm where it catalyzed *de novo* disulfide bond formation in a range of substrate proteins. While IMPs previously solubilized using SIMPLEx retained biological activity, as exemplified by ligand binding in the case of EmrE and stimulation of 17,20-lyase activity in the case of human cytochrome *b*~5~ (cyt *b*~5~)^[@R16]^, none of these were enzymes. Hence, the functional reconstitution of solubilized DsbB represents the first demonstration of catalytic activity in a solubilized IMP via SIMPLEx. The ability to generate solubilized variants of IMPs that are functional in non-native environments opens the door to harnessing other membrane-bound enzymes whose biocatalytic utility has been heretofore limited by the need for a lipid bilayer or for harsh detergents and/or mutations that serve to stabilize the IMP.

Results {#S2}
=======

Engineering a water-soluble DsbB variant {#S3}
----------------------------------------

Engineering a cytoplasmic DsbB-DsbA pathway ([Fig. 1a](#F1){ref-type="fig"}) required a strategy for making the transmembrane protein DsbB compatible with the *E. coli* cytoplasm. To this end, we hypothesized that the SIMPLEx technique^[@R16]^ could be used to create water-soluble DsbB variants that retain biocatalytic activity (*i.e.*, re-oxidation of DsbA) in the cytoplasm ([Fig. 1b](#F1){ref-type="fig"}). Previously, we showed that a truncation variant of human ApoAI lacking its 43-residue globular N-terminal domain (hereafter ApoAI\*) promoted soluble expression of structurally diverse IMPs, which were recovered from the cytoplasm at high titers (\~5--10 mg/L of culture) and in functionally relevant conformations^[@R16]^. Here, we designed chimeras in which the C-terminus of DsbB was genetically fused to ApoAI\* while its N-terminus was fused to a highly soluble 'decoy' protein, namely the *E. coli* maltose-binding protein lacking its N-terminal export signal (cMBP, where c indicates cytoplasmic), to prevent the resulting chimera from becoming inserted in the cytoplasmic membrane ([Fig. 2a](#F2){ref-type="fig"}). Following expression of cMBP-DsbB-ApoAI\* (hereafter SIMPLEx-DsbB or SxDsbB) in *E. coli* BL21(DE3) cells, \~40--50% of the chimera accumulated in the soluble cytoplasmic fraction with the remainder partitioning in the insoluble and detergent-solubilized fractions ([Fig. 2b](#F2){ref-type="fig"}). In stark contrast, wild-type (wt) DsbB or a topologically inverted DsbB variant called H~0~DsbB^1/9b^ (ref. ^[@R24]^), both of which are membrane-bound enzymes, partitioned exclusively in the detergent-soluble fraction ([Fig. 2b](#F2){ref-type="fig"}). A DsbB-ApoAI\* chimera lacking the decoy domain accumulated in the detergent-solubilized and insoluble fractions only, while a cMBP-DsbB fusion without the ApoAI\* domain was detected primarily in the insoluble fraction with lesser amounts in the detergent-soluble and soluble fractions ([Fig. 2b](#F2){ref-type="fig"}). It should be pointed out that soluble cMBP-DsbB was extensively aggregated as determined by size-exclusion chromatography (SEC), consistent with the soluble aggregates observed for other decoy-IMP fusions lacking the ApoAI\* domain^[@R16]^.

Structure-guided optimization of soluble DsbB expression {#S4}
--------------------------------------------------------

Inspection of the DsbB sequence revealed a GxxxA motif (where × represents any amino acid) in the fourth transmembrane (TM) segment that we speculated could be responsible for folding, solubility, and/or stability of the enzyme ([Supplementary Results](#SD1){ref-type="supplementary-material"}, [Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). Indeed, GxxxG and GxxxG-like motifs are known to stabilize helix--helix interactions in both membrane and soluble proteins^[@R25],[@R26]^. The GxxxA sequence in particular is overrepresented (21% above that expected at random) in all TM sequences identified to date^[@R27]^. In addition, we predicted that the last 13 amino acids of DsbB, which form a flexible, linker-like segment, could potentially reduce the intimate interaction between the DsbB and ApoAI\* domains that appears to be important for IMP solubilization^[@R16]^. Thus, to potentially enhance SxDsbB solubility, we removed the last 13 amino acids of DsbB and added two additional GxxxG motifs along the same face of the fourth transmembrane helix because concatenated GxxxGxxxG motifs known as glycine zippers (GZs) are also overrepresented in TM domains^[@R28]^. The resulting variant was named DsbBΔC^GZ^ ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). When expressed in the membrane of *E. coli* cells lacking native DsbB, DsbBΔC^GZ^ was able to promote disulfide bond formation in *E. coli* alkaline phosphatase (PhoA) at a level that was indistinguishable from wt DsbB ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). Having confirmed the activity of DsbBΔC^GZ^, this variant was modified with cMBP and ApoAI\* to generate a SIMPLEx construct named SxDsbBΔC^GZ^ ([Fig. 2a](#F2){ref-type="fig"}). This new construct exhibited higher levels of soluble cytoplasmic expression compared to SxDsbB ([Fig. 2b and c](#F2){ref-type="fig"}), with purified yields reaching nearly 10 mg/L of culture ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}). In addition, the GZ motif promoted the formation of soluble SxDsbBΔC^GZ^ tetramers ([Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}).

Soluble DsbB variants function in the cytoplasm {#S5}
-----------------------------------------------

Determining the biological activity of the water-soluble DsbB variants required a specific assay to quantify protein oxidation in the cytoplasm. We investigated whether *E. coli* PhoA could serve this purpose. The wt PhoA enzyme is secreted by a Sec-specific signal peptide into the periplasmic space where it is rapidly oxidized by the native DsbB-DsbA system to form its two consecutive disulfide bonds that are critical for both stability and phosphatase activity^[@R29]^ (see also [Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). For these studies, we made use of *E. coli* DHB4(DE3), a K-12 strain in which the genomic copy of *phoA* is absent and the λDE3 prophage has been site-specifically integrated into the genome, enabling expression of target genes cloned in pET vectors. As expected, expression of periplasmically targeted PhoA (pPhoA) in DHB4(DE3) cells resulted in substantial phosphatase activity in the periplasm and little to no activity in the cytoplasm ([Fig. 3a](#F3){ref-type="fig"}). This activity coincided with the detection of intact PhoA protein in the periplasmic fraction ([Fig. 3b](#F3){ref-type="fig"}). To confirm that this activity was due to the DsbB-DsbA pathway, we performed similar experiments using strain DHB4(DE3) Δ*dsbAB*, a derivative of DHB4(DE3) in which the *dsbA* and *dsbB* genes have been insertionally inactivated. When pPhoA was expressed in this strain, the periplasmic phosphatase activity was diminished almost to background levels ([Fig. 3a](#F3){ref-type="fig"}). Next, we created a cytoplasmic PhoA variant (cPhoA) by removal of its native N-terminal signal peptide. Consistent with earlier findings^[@R29]^, expression of cPhoA in DHB4(DE3) Δ*dsbAB* cells resulted in no measurable activity above background in either the cytoplasm or periplasm ([Fig. 3a](#F3){ref-type="fig"}) and no detectable bands in the corresponding immunoblot ([Fig. 3b](#F3){ref-type="fig"}). This result was attributed to the lack of conformational stability of cPhoA in the absence of its structural disulfides, which cannot form in the reducing cytoplasm. As a positive control, cPhoA was expressed in the cytoplasm of SHuffle T7 Express cells (hereafter SHuffle), a strain whose cytoplasmic reductive pathways are diminished, thereby allowing for the formation of disulfide bonds in the cytoplasm^[@R30]^. As expected, SHuffle cells produced high levels of phosphatase activity in the cytoplasm ([Fig. 3a](#F3){ref-type="fig"}) and the stability of cPhoA in this compartment was dramatically enhanced ([Fig. 3b](#F3){ref-type="fig"}). Taken together, these results confirmed cPhoA as a reliable reporter of cytoplasmic disulfide bond-forming activity.

To evaluate the activity of water-soluble DsbB chimeras, each was co-expressed with the cPhoA reporter and an export-defective version of DsbA in which the N-terminal signal peptide was removed (cDsbA). Importantly, both SxDsbB and SxDsbBΔC^GZ^ catalyzed efficient oxidation of cPhoA in the presence of cDsbA in the cytoplasm of DHB4(DE3) Δ*dsbAB* cells ([Fig. 3a,b](#F3){ref-type="fig"}). This substantial gain in cPhoA activity and stability was on par with that measured following co-expression of cPhoA, cDsbA and the inverted DsbB variant ([Fig. 3a,3b](#F3){ref-type="fig"}), which has its active site located on the cytoplasmic side of the membrane and functions with inverted topology^[@R24]^. Notably, similar results were obtained using a B strain of *E. coli*, namely BL21(DE3) ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}), indicating that the water-soluble DsbB-DsbA pathway can be readily reconstituted in the cytoplasm of an unrelated host strain with retention of activity. Interestingly, when the pathway was transferred to SHuffle cells, the effects on cPhoA activity were not additive but instead inhibitory ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}), suggesting that the two cytoplasmic oxidation mechanisms may negatively interact.

To investigate the redox state of cPhoA in these strains, we performed 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid (AMS) alkylation to quantify *in vivo* protein oxidation^[@R30]^. AMS alkylates any free thiol group found in the side chains of cysteine residues, covalently adding 500 daltons and causing a discernable mobility shift in SDS-PAGE analysis. As expected, cPhoA was completely reduced in the cytoplasm of DHB4(DE3) Δ*dsbAB* cells and completely oxidized in the cytoplasm of SHuffle cells ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). When expressed in the presence of the water-soluble DsbB-DsbA pathway in DHB4(DE3) Δ*dsbAB* cells, \~90% of cPhoA was oxidized ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). For comparison, DHB4(DE3) Δ*dsbAB* cells equipped with inverted DsbB and cDsbA oxidized \~80% of cPhoA ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). These results unequivocally confirm that the water-soluble DsbB-DsbA pathway inserts disulfide bonds into cPhoA with equal or better efficiency than alternative mechanisms.

Mechanism of water-soluble DsbB {#S6}
-------------------------------

The oxidation of cPhoA depended on the presence of solubilized DsbB, as activity was completely abrogated when cPhoA was expressed in the presence of cDsbA only ([Fig. 3a](#F3){ref-type="fig"}). Moreover, cPhoA activity was abolished when essential catalytic residues in either cDsbA or SxDsbBΔC^GZ^ were mutated^[@R21],[@R31]^, namely the active-site Cys30-Pro-His-Cys33 motif of cDsbA changed to Ala-Pro-His-Ala, and Cys44 of DsbB substituted with Ala in SxDsbBΔC^GZ^ ([Fig. 3a](#F3){ref-type="fig"}). Given that cPhoA oxidation failed in the presence of the catalytically inactive cDsbA(APHA) construct, we next investigated whether a specific interaction between SxDsbBΔC^GZ^ and cDsbA was a key feature of this activity. In the native DsbB-DsbA system, hetero-dimerization of the DsbB and DsbA components enables thiol--disulfide exchange^[@R19]^. While the DsbB-DsbA heterodimer exists only transiently as a reaction intermediate, a stable complex that mimics a reaction intermediate can be formed with a Cys130 mutant of DsbB and a Cys33 mutant of DsbA, which are held together by a Cys30 (DsbA)--Cys104 (DsbB) intermolecular disulfide bond^[@R19]^. Accordingly, we produced a C130S mutant of SxDsbBΔC^GZ^ and a C33A mutant of cDsbA. When an oxidized mixture of these purified proteins was subjected to an amylose affinity resin, both co-eluted in the same fraction, indicating the formation of a SxDsbBΔC^GZ^(C130S)--cDsbA(C33A) complex ([Supplementary Fig. 4a](#SD1){ref-type="supplementary-material"}). When complex formation was interrogated by SEC, an interaction was clearly observed for the oxidized mixture of SxDsbBΔC^GZ^(C130S) and cDsbA(C33A), with the proteins co-eluting in the early fraction and no material eluting in the later fraction ([Supplementary Fig. 4b,c](#SD1){ref-type="supplementary-material"}).

We next determined whether SxDsbBΔC^GZ^ transmitted electrons from cDsbA to components of the membrane electron-transport system, namely ubiquinone (UQ) and menaquinone (MK), as is the case with membrane-bound DsbB^[@R21],[@R22]^. To this end, we assayed cPhoA activity in the cytoplasm of *E. coli* strain BL21(DE3) Δ*menA* Δ*malF::kan...ubiA420*, which is deficient in MK and UQ biosynthesis^[@R32]^. The topologically inverted DsbB variant previously failed to catalyze disulfide bond formation in a similar strain background^[@R24]^, and that result was replicated here ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). When the water-soluble DsbB-DsbA pathway was tested in this quinone-deficient strain, activity was severely attenuated although still above background ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}), suggesting that cPhoA oxidation by solubilized DsbB is primarily catalytic, requiring an intact electron transport chain. Taken together, these results confirm that the catalytic activity and substrate (both DsbA and quinone) specificity of the enzyme is preserved following solubilization.

Structural characterization of water-soluble DsbB {#S7}
-------------------------------------------------

To structurally characterize SxDsbBΔC^GZ^ and its complex with cDsbA, we used biological small-angle X-ray scattering (SAXS)^[@R33],[@R34]^. Reconstructions of the molecular envelopes of cDsbA(C33A) and SxDsbBΔC^GZ^(C130S) were computed *ab initio* using DAMMIF software^[@R35]^, and the average of 20 bead models was determined for each protein and protein complex ([Fig. 4](#F4){ref-type="fig"} and [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). No symmetry was imposed in the reconstruction algorithm for cDsbA(C33A), while a p222 symmetry (tetramer) was imposed on SxDsbBΔC^GZ^(C130S) and its complex with cDsbA(C33A). All 20 models were similar based on mean normalized spatial discrepancy (NSD) values, which were smaller than 0.9 in each case (monomeric DsbA, NSD±SD = 0.551±0.066; dimeric DsbA, NSD±SD = 0.492±0.053; SxDsbBΔC^GZ^(C130S), NSD±SD = 0.799±0.058; and SxDsbBΔC^GZ^(C130S) crosslinked to cDsbA(C33A), NSD±SD = 0.817±0.099). As expected, the radius of gyration (R~g~), an indicator of how the mass of a particle is distributed around its center of mass, was greater for dimeric cDsbA(C33A) compared to its monomeric counterpart ([Fig. 4a](#F4){ref-type="fig"}). In support of a complex between solubilized DsbB and DsbA, the R~g~ value for crosslinked SxDsbBΔC^GZ^(C130S)--cDsbA(C33A) was greater than that measured for SxDsbBΔC^GZ^(C130S) alone ([Fig. 4b](#F4){ref-type="fig"}). Further analysis of the reconstructed envelopes revealed that both maximum particle size (D~max~) and the volume of the SxDsbBΔC^GZ^(C130S)--cDsbA(C33A) complex were increased relative to the uncomplexed SxDsbBΔC^GZ^(C130S) ([Fig. 4b](#F4){ref-type="fig"}). The "pear" shape of the SxDsbBΔC^GZ^(C130S) envelope can be explained by a model whereby the tetrameric SxDsbBΔC^GZ^(C130S) proteins are all in a parallel bundle ([Fig. 4b](#F4){ref-type="fig"}). A similar model for the SxDsbBΔC^GZ^(C130S)--cDsbA(C33A) complex reveals how binding of each cDsbA protein occurs at the top of the pear, effectively increasing envelope height and volume ([Fig. 4b](#F4){ref-type="fig"}).

Oxidation of diverse substrates by water-soluble DsbB {#S8}
-----------------------------------------------------

PhoA contains two disulfide bonds that are consecutive in the primary structure. To determine whether more challenging targets could be oxidized by solubilized DsbB, we investigated additional substrate proteins including: (1) phytase (AppA), an *E. coli* periplasmic protein that has similar activity to PhoA but contains four disulfide bonds, one of which is non-consecutive; and (2) murine urokinase-type plasminogen activator (uPA) that contains 12 disulfide bonds, most of which are non-consecutive. The cAppA and c-uPA variants were generated by removing the native N-terminal signal peptides from each. When cAppA was expressed in the cytoplasm of DHB4(DE3) Δ*dsbAB* cells, little to no enzyme activity was detected ([Fig. 5a](#F5){ref-type="fig"}). The detection of cAppA protein in cell lysates under these conditions ([Fig. 5b](#F5){ref-type="fig"}) indicated that the lack of activity was attributable to misoxidation/misfolding of the expressed protein. In contrast, expression in the cytoplasm of SHuffle cells resulted in a substantial level of activity ([Fig. 5a](#F5){ref-type="fig"}) suggesting that an oxidizing cytoplasm was sufficient for proper folding. A similarly high level of activity was observed when cAppA was co-produced with SxDsbB or SxDsbBΔC^GZ^, along with an expression-enhanced fusion comprised of cDsbA and glutathione *S*-transferase (GST-cDsbA, which was used because unfused cDsbA from pET28a used in these experiments resulted in weak expression). Notably, the expression and activity achieved with water-soluble DsbB was on par with that observed in cells co-expressing inverted DsbB and GST-cDsbA ([Fig. 5a,b](#F5){ref-type="fig"}).

For both cAppA and cPhoA, a DHB4(DE3) strain background was used because it produces little to no endogenous phosphatase activity owing to knockout of the native *phoA* gene. However, non-phosphatase target substrates do not require a *phoA*-deficient host. Thus, for c-uPA (and all additional targets tested below), we used BL21(DE3) because this strain is capable of high-level protein expression due to the lack of Lon and OmpT proteases. Expression of c-uPA in the cytoplasm of BL21(DE3) cells resulted in no measurable activity above background unless the water-soluble DsbB-DsbA pathway was also co-produced ([Fig. 5c](#F5){ref-type="fig"}). As with cAppA, the c-uPA expression and activity was on par with that measured in SHuffle or in BL21(DE3) cells that co-expressed inverted DsbB along with GST-cDsbA ([Fig. 5c,d](#F5){ref-type="fig"}).

We also investigated whether solubilized DsbB could promote cytoplasmic folding of antibodies including: (1) scFv13, a single-chain Fv (scFv) antibody fragment that specifically binds *E. coli* β-galactosidase (β-gal) and requires 4 disulfide bonds for stability and activity^[@R36]^; and (2) anti-HAG cyclonal, a full-length immunoglobulin (IgG) specific for influenza virus hemagglutinin (HAG) that has been engineered for cytoplasmic expression (*i.e.*, removal of N-terminal signal peptides from both heavy and light chains)^[@R37]^ and requires 16 disulfide bonds for folding and activity. It is firmly established that full-length antibodies and antibody fragments fail to fold properly when expressed in the cytoplasm of wt *E. coli* because essential disulfide bonds do not form in this reducing environment. Indeed, expression of scFv13 in the cytoplasm of wt BL21(DE3) cells resulted in no measurable antigen-binding activity above background and no detectable accumulation of the protein ([Supplementary Fig. 7a,b](#SD1){ref-type="supplementary-material"}). However, expression of scFv13 in SHuffle cells resulted in a large increase in antigen-binding activity that correlated with substantial accumulation of the protein in the cytoplasm ([Supplementary Fig. 7a,b](#SD1){ref-type="supplementary-material"}). Importantly, when scFv13 was co-expressed with GST-cDsbA and either SxDsbB or SxDsbBΔC^GZ^ in the cytoplasm of BL21(DE3) cells, antigen-binding activity and soluble accumulation were nearly identical with the levels observed in SHuffle cells or in BL21(DE3) cells co-expressing GST-cDsbA and inverted DsbB ([Supplementary Fig. 7a,b](#SD1){ref-type="supplementary-material"}). Analogously, co-expression of the anti-HAG cyclonal along with SxDsbB or SxDsbBΔC^GZ^ in the cytoplasm of BL21(DE3) cells resulted in strong antigen-binding activity that compared favorably to that measured for SHuffle cells ([Supplementary Fig. 8a](#SD1){ref-type="supplementary-material"}). Under the conditions tested here, the topologically inverted DsbB variant was incapable of oxidizing the anti-HAG cyclonal. To determine whether the solubilized DsbB variants catalyzed the formation of fully assembled IgG molecules, SDS-PAGE analysis of Protein A-purified IgGs was performed. The heterotetrameric assembly efficiency of anti-HAG cyclonal produced in the presence of SxDsbB and SxDsbBΔC^GZ^ was estimated to be 51 and 57%, respectively ([Supplementary Fig. 8b](#SD1){ref-type="supplementary-material"}), compared to \~90% for anti-HAG cyclonal assembly in SHuffle cells reported previously^[@R37]^. This difference is likely due to the fact that SHuffle cells carry a genomic copy of cytoplasmic DsbC, a disulfide bond isomerase that assists in the formation of correctly folded multi-disulfide bonded proteins. Nonetheless, these data reveal that solubilized DsbB is a remarkably flexible biocatalyst that promotes disulfide bond formation in a wide array of structurally diverse substrate proteins.

Discussion {#S9}
==========

In this work, we successfully converted membrane-bound DsbB into a water-soluble protein that could be expressed cytoplasmically at relatively high levels and with retention of function. This feat was achieved by leveraging a method called SIMPLEx, which enables *in vivo* solubilization of IMPs in structurally and functionally relevant conformations without the need for potentially inactivating detergents, lipid reconstitutions, or mutations to the IMP itself^[@R16]^. The SIMPLEx technique was previously shown to be generally useful for solubilizing an array of structurally diverse IMPs, leading to the accumulation of non-aggregated, water-soluble IMPs at high titers (\~5--10 mg/L of culture) that retained biological activity, namely ligand binding in the case of EmrE and stimulation of 17,20-lyase activity in the case of human cytochrome *b*~5~ (cyt *b*~5~)^[@R16]^. Here, we demonstrate for the first time *in vivo* catalysis with a SIMPLEx-solubilized enzyme in the context of a multi-enzyme pathway, opening the door to a wide array of *in vivo* applications involving solubilized IMPs.

A catalytic mechanism for solubilized DsbB is supported by the observation that both DsbA and quinone substrate dependence was preserved in the engineered DsbB chimeras. Analogous to the native Dsb pathway, the engineered pathway transferred oxidizing potential to cPhoA in a process that involved known catalytic residues, namely the active-site Cys30-Pro-His-Cys33 motif in cDsbA and the Cys44 residue in solubilized DsbB. In further support of a catalytic mechanism, the water-soluble DsbB-DsbA pathway was extremely efficient with \~90% of cPhoA accumulating in an oxidized state. Further, re-oxidation of solubilized DsbB appeared to involve UQ or MK based on the observation that cPhoA oxidation was severely attenuated in a quinone-deficient strain background. Interestingly, a low level of cPhoA oxidation still occurred in this strain, consistent with the observation that in the absence of quinones, DsbB can oxidize \~40% of DsbA in a 1:1 stoichiometric reaction^[@R38]^. However, alternative origins for this low level of quinone-independent activity, such as an unknown cytoplasmic factor reoxidizing solubilized DsbB, cannot be ruled out at this point.

Interestingly, the ability of the ApoAI\* domain not only to promote solubilization of DsbB but also to accommodate interactions with its biological partner DsbA suggests a remarkable structural plasticity of this unique amphipathic domain. Along similar lines, SIMPLEx-solubilized human cyt *b*~5~ stimulated the 17,20-lyase activity of CYP17A1^[@R16]^, an activity that is known to involve transmembrane helix--helix interactions between cyt *b*~5~ and CYP17A1. Hence, these results collectively reveal that the ApoAI\* domain is sufficiently flexible to allow protein--protein interactions that are necessary to promote proper function. Additionally, these data justify the use of SIMPLEx as a tool for studying IMPs and their soluble partners.

The formation of disulfide bonds in the cytoplasm has long been possible using *trxB gor* suppressor strains such as FÅ113^[@R39]^ or SHuffle^[@R30]^. Compared to these mutant strains, an advantage of our engineered pathway is that it can be readily used in any strain background simply by transforming the host of interest with a plasmid encoding the SxDsbB/cDsbA (or SxDsbBΔC^GZ^/cDsbA) genes. Indeed, we showed that the SxDsbB/cDsbA and SxDsbBΔC^GZ^/cDsbA could be directly transferred between unrelated strain backgrounds without loss of function. An alternative approach to cytoplasmic protein oxidation involves inverting the membrane topology of DsbB^[@R24]^. While this construct can also be readily shuttled between strain backgrounds, a drawback is that it relies on membrane protein expression, which often imposes a burden on the host that is deleterious to cell viability^[@R40]^. By directing the expression of DsbB to the cytoplasm of *E. coli*, we take advantage of this compartment's ability to support recombinant product yields exceeding 50% of the total cellular protein^[@R41]^ while eliminating the energy-intensive process of membrane integration. In light of these advantages, we envision that our strategy could be used to redirect a wide range of biological pathways involving IMPs to the cytoplasmic compartment. Moreover, the generality of the method could also unlock previously intractable membrane-bound biocatalysts for stand-alone or pathway-mediated applications in cellular, or alternatively, cell-free reaction environments.

Online Methods {#S10}
==============

Bacterial strains and plasmids {#S11}
------------------------------

The following *E. coli* strains were used in this study: DHB4 (MC1000 Δ*phoA*(PvuII) *phoR* Δ*malF3* F'\[*lac*+(*lacI*^Q^) *pro*\]), SHuffle T7 Express (New England Biolabs), and BL21(DE3) (Novagen). DHB4 Δ*dsbAB* strain was derived from DHB4 by insertional inactivation of the *dsbA* and *dsbB* genes with the kanamycin resistance gene as described previously^[@R42]^. Briefly, this was accomplished by P1 phage transduction using the BW25113 *dsbA*::kan and BW25113 *dsbB*::kan strains from the Keio collection as donors and plasmid pCP20 to remove the Kan marker as needed. The DHB4(DE3) and DHB4(DE3) Δ*dsbAB* strains were generated using a λDE3 lysogenization kit (Novagen) according to manufacturer's instructions and positive clones identified based on the ability to produce active GFP from plasmid pET-GFP^[@R43]^. Strain BL21(DE3) Δ*menA* Δ*malF::kan...ubiA420* was constructed exactly as described previously^[@R32]^, with the nonessential *menA* gene disrupted by P1 phage transduction and the *ubiA* gene conditionally knocked out by introducing the Δ*malF::kan...ubiA420* allele into the BL21(DE3) Δ*menA* strain. The mutant has a negligible UbiA activity. However, when supplied with 1 mM hydroxybenzoic acid (HBA), this mutant strain can make \~20% amount of the UQ as the wild-type strain; this quinone level is sufficient for the growth of *E. coli* cells^[@R32]^.

All plasmids used in this study are listed in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. Plasmids constructed here were made using standard cloning procedures and all plasmid sequences were confirmed by sequencing. For expression and purification of different DsbB chimeras, the plasmid pET21d (Novagen) was used. Specifically, the ΔspMBP-DsbB-ApoAI\* gene fusion (defined here as SxDsbB) was PCR-amplified from pET28-ΔspMBP-DsbB-ApoAI\*^[@R16]^ and subsequently cloned in plasmid pET21d. This new plasmid, pET21-SxDsbB, served as the template for creating plasmids pET21-SxDsbBΔC^GZ^, pET21-SxDsbBΔC^GZ^(C44A), and pET21-SxDsbBΔC^GZ^(C130S), which were all created by standard site-directed mutagenesis. In addition, removal of the genes encoding cMBP or ApoAI\*, or both, from pET21-SxDsbB or pET21-SxDsbBΔC^GZ^ gave rise to the following plasmids: pET21-DsbB, pET21-DsbBΔC^GZ^, pET21-cMBP-DsbB, pET21-cMBP-DsbBΔC^GZ^, pET21-DsbB-ApoAI\*, and pET21-DsbBΔC^GZ^-ApoAI\*. For cDsbA expression and purification, we used pET39b (Novagen), which carries the full-length *E. coli dsbA* gene. The cDsbA(C33A) mutant was generated using site-directed mutagenesis with pET39b as template. For H~0~DsbB^1/9b^ expression and purification, plasmid pFH265 was used^[@R24]^. For PhoA expression in the periplasm, plasmid pBAD-pPhoA was generated by cloning the gene encoding full-length *E. coli phoA* into plasmid pBAD18-Cm^[@R44]^. For PhoA expression in the cytoplasm, pFH-cPhoA was constructed by excising the gene encoding cDsbA from plasmid pFH273^[@R24]^. For co-expression of PhoA and DsbA in the cytoplasm, we used pFH273^[@R24]^, a pLysSBAD derivative that enables bicistronic expression of the genes encoding mature PhoA lacking its N-terminal signal peptide (cPhoA; residues R22-K471) and mature DsbA lacking its N-terminal signal peptide (cDsbA; residues A20-K208) and also carrying an N-terminal 6x-His tag. Plasmid pFH273mut was generated whereby the active-site Cys30-Pro-His-Cys33 motif of cDsbA was mutated to Ala-Pro-His-Ala, which completely inactivates the enzyme^[@R31]^. Cytoplasmic PhoA expression was also performed using pET24-cPhoA, which was created by cloning mature PhoA (residues R22-K471) in plasmid pET24b. Plasmids for expressing the other substrates, namely cAppA, c-uPA, scFv13, and anti-HAG cyclonal IgG, are listed in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. While working with cAppA, which carried a C-terminal 6x-His tag, we observed conflicting bands in Western blots using the anti-6x-His antibody due to the fact that SxDsbB or SxDsbBΔC^GZ^, which were also 6x-His tagged, migrated similarly. Therefore, we generated a new cAppA expression plasmid in which the C-terminal 6x-His tag was replaced with a FLAG epitope tag in plasmid pHIS. These substrate expression plasmids were each paired with a bicistronic expression plasmid encoding a genetic fusion between *E. coli* GST and cDsbA, and one of the DsbB variants. These bicistronic expression plasmids were constructed as follows: first, a genetic fusion between the genes encoding GST and cDsbA was inserted between NheI-XhoI in the bicistronic expression plasmid pET28-BicExp, which has the following multiple cloning site: NcoI-HindIII-RBS2-NheI-XhoI (where RBS = second ribosome binding site). Next, the gene encoding SxDsbB was inserted between NcoI and HindIII, yielding pET28-SxDsbB::GST-cDsbA. Plasmid pET28-H~0~DsbB^1/9b^::GST-cDsbA was generated similarly, while plasmids pET28-SxDsbBΔC^GZ^::GST-cDsbA, pET28-SxDsbBΔC^GZ^::GST-cDsbA(APHA), and pET28-SxDsbBΔC^GZ^(C44A)::GST-cDsbA were generated by site-directed mutagenesis using pET28-SxDsbB::GST-cDsbA as template.

Protein expression and purification {#S12}
-----------------------------------

For small cultures, single colonies of the strain of interest carrying the plasmid(s) of interest were grown at 30°C in 5 mL of Luria-Bertani (LB; 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, pH 7.2) supplemented with the corresponding antibiotics, and grown until optical density at 600 nm (OD~600~) reached a value of 1.0. At this point isopropyl-β-D-thiogalactopyranoside (IPTG) or arabinose was added to a final concentration of 1 mM or 0.5 % arabinose, respectively. Protein expression was allowed to proceed overnight at 25°C. For the expression and purification of SxDsbBΔC^GZ^(C130S), wt cDsbA, and cDsbA(C33A), a single colony of BL21(DE3) cells carrying the corresponding plasmid was inoculated into 5 mL of LB supplemented with 50 μg/mL of kanamycin and grown overnight at 30°C. The next day, 500 mL of freshly prepared Terrific Broth (TB) supplemented with 100 μg/mL kanamycin was inoculated 1/100 with the overnight culture and cells were grown at 30°C until reaching OD~600~ of 0.8. Protein expression was induced by the addition of 0.25 mM IPTG, after which cells were incubated an additional 18 h at 16°C. Cells were harvested by centrifugation before preparation of lysates or purification of protein targets.

Protein purification of SxDsbBΔC^GZ^(C130S) was carried out with amylose resin (New England Biolabs) according to manufacturer's specifications, followed by SEC using an ÄKTA Explorer FPLC system (GE Healthcare). Ni-NTA purification of wt cDsbA and cDsbA(C33A) was followed by SEC. SEC was performed using a Superdex 200 10/300 GL column. Standards used to calibrate the SEC column were a lyophilized mix of thyroglobulin, bovine γ-globulin, chicken ovalbumin, equine myoglobin and vitamin B12, MW 1,350--670,000, pI 4.5--6.9 (Bio-Rad). Proteins were stored at a final concentration of 1 mg/ml in SEC buffer (20 mM Tris pH 7.5, 50 mM NaCl, 1 mM EDTA pH 8.0) at 4°C. Full-length anti-HAG IgG was purified using Protein-A. Briefly, protein-A agarose resin was equilibrated with 10 ml PBS and then mixed with the filtered soluble lysate fraction. The resin-soluble lysate fraction mixture was incubated at room temperature for 2 h. After settling in a poly-propylene column, the protein-A agarose was washed extensively with PBS. Anti-HAG IgGs were eluted from the column with 0.1 M glycine-HCl (pH 3.0) in 1-ml fractions and immediately neutralized with 100 μl of 1 M Tris (pH 9.0). Purified fractions were resolved by SDS-PAGE under non-reducing conditions and visualized by staining with Coomassie Blue G-250.

Subcellular fractionation {#S13}
-------------------------

Following protein expression, 5 ml of cells expressing the various substrate targets were harvested. Cultures were normalized by OD~600~ and culture aliquots were pelleted via centrifugation for 10 min at 4°C and 4,000 × g. Cells were then resuspended in lysis buffer containing 30 mM Tris pH 8.0, 500 mM NaCl, and 40 mM imidazole pH 8.0 and lysed using a sonicator. To separate soluble proteins from membranes, the homogenate was ultracentrifuged (100,000 × g) for 1 h at 4°C and the supernatant was collected as the soluble fraction. Detergent soluble fractions were obtained by treating the pellets resulting from the previous step with 1 ml of lysis buffer containing 2% *n*-dodecyl-β-D-maltoside (DDM; Anatrace). Pellets were resuspended by douncing. Partitioning of membrane proteins into the DDM-containing lysis buffer was achieved by rotating the lysate at 4°C for 2 h. Following centrifugation (50,000 × g) for 30 min at 4°C, the supernatant represented the detergent-solubilized fraction and the pellet represented the insoluble fraction. IMPs in the various fractions were separated by SDS-PAGE using 10% polyacrylamide gels (Bio-Rad) and subsequently detected by Western blotting according to standard protocols using a 1:5,000-diluted monoclonal anti-6x-His horseradish peroxidase (HRP)-conjugated antibody (Abcam). For experiments that involved the isolation of periplasmic fractions, cells were initially resuspended in 20% sucrose, 30 mM Tris-HCl pH 8.5, 1 mM EDTA and 1 g/L lysozyme and incubated at room temperature for 10 min. Following centrifugation (10 min at room temperature and 10,000 × g), cell pellets were fractionated according to standard ice-cold osmotic shock. The supernatant resulting from the centrifugation step (10 min at 4°C and 15,000 × g) was taken as the periplasmic fraction, while the remaining pellet was used to prepare the soluble cytoplasmic fraction as described above. IMPs in the various fractions were separated by SDS-PAGE using 10% polyacrylamide gels (Bio-Rad) and subsequently detected by Western blotting according to standard protocols using a 1:5,000-diluted monoclonal anti-6x-His HRP-conjugated antibody (Abcam) or 1:5,000-diluted monoclonal anti-FLAG HRP-conjugated antibody (Abcam) or 1:5,000-diluted monoclonal anti-PhoA-HRP conjugated (New England Biolabs). For loading controls in SDS-PAGE experiments 1:50,000-diluted polyclonal rabbit anti-GroEL (Sigma) and a secondary antibody goat anti-HRP (Abcam) diluted 1:10,000 were used.

Enzyme activity assays {#S14}
----------------------

For measuring alkaline phosphatase activity, harvested cells were resuspended in subcellular fractionation buffer supplemented with 50 mM *N*-ethyl maleimide (Sigma) to prevent the spontaneous oxidation of disulfide bonds. Alkaline phosphatase activity was measured in a continuous assay by monitoring absorbance at 410 nm (Abs~410~) upon the hydrolysis of 4-nitrophenyl phosphate (Sigma) \[0.1% (w/v) in 1 M Tris (pH 8.0)\] with a plate reader using 5 μl of the fraction to be assayed (periplasmic or cytoplasmic) and 195 μl of substrate in a 96-well plate at room temperature. Measured phosphatase activity was normalized to total protein amount as determined by standard Bradford assay. Phytase activity was quantified as described earlier^[@R45]^ with slight modifications. Assays were performed in 96-well plates with 20 μl of soluble protein. Reaction was stopped with 50 μl 5 M NaOH. Phytase activity was measured at Abs~410~ and normalized to total protein amount as determined by standard Bradford assay. Urokinase activity was quantified using a 96-well plate at room temperature. A 50-μl aliquot of soluble protein was added to wells containing 50 mM Tris pH 8, 60 mM 6-aminohexanoic acid (Sigma), 0.1 mg/ml Bovine Plasminogen (American Diagnostica) and 0.4 mM Spectrozyme PL (American Diagnostica) to a final volume of 150 μl. The plate was incubated at 37°C and Abs~405~ was monitored for 2--3 h until reaching plateau. Activity was measured at Abs~405~ in a linear range and normalized to total protein amount as determined by standard Bradford assay.

AMS alkylation {#S15}
--------------

Cultures were prepared as described above for the determination of PhoA activity. After induction overnight, 1 mL of culture (normalized by OD~600~) was used to prepare protein samples. Initially, each sample was subjected to trichloroacetic acid (TCA) precipitation at room temperature for 20 min. The supernatant was discarded after centrifuging at 10,000 rpm for 10 min. Pellets were washed with 1 mL of cold acetone, vortexed, centrifuged again at 10,000 rpm for 10 min), and the supernatant discarded. Pellets were air dried for 30 min at room temperature and then resuspended in 80 μl of alkylation buffer (100 mM Tris·Cl, pH 6.8, 1% SDS) with or without freshly dissolved AMS (Molecular Probes). Samples were incubated for 30 min at 37°C. Fully oxidized and reduced controls were generated using aliquots from cells expressing cPhoA. Specifically, pellets washed with acetone and air dried were treated with 50 μL of 3.6 mM (in water) 4,4′-dithiodipyridine (4-DPS) (Sigma) for oxidation or 100 mM dithiothreitol (DTT) (Sigma) for reduction, and incubated at 30°C for an additional 30 min prior to AMS alkylation. For Western blot analysis, samples were boiled and loaded in BioRad 7.5% Mini-PROTEAN TGX Precast Protein Gels. To ensure sufficient separation of the reduced and oxidized cPhoA species, gels were run at 200 mV for 40 min or until the 25-kDa band of the marker exited the gel. The entire AMS alkylation experiment was repeated in triplicate, with all replicates showing similar results.

Enzyme-linked immunosorbent assay {#S16}
---------------------------------

Cell lysates derived from strains expressing scFv13 or anti-HAG IgG were analyzed by enzyme-linked immunosorbent assay (ELISA). Costar 96-well ELISA plates (Corning) were coated overnight at 4°C with 50 μl of 4--10 μg/ml antigen in 0.05 M sodium carbonate buffer (pH 9.6). For scFv13, plates were coated with 50 μl of 10 μg/ml β-gal (Sigma) in PBS whereas for anti-HAG, plates were coated with recombinant GST fused to hemagglutinin (GST-HAG) produced in-house^[@R37]^. Following two 5-min washes with PBS, a 3% non-fat milk blocking solution was applied to each well and incubated with shaking for 3 h at room temperature. Subsequently, samples were applied to each well and incubated with shaking for 2 h at room temperature. Extensive washing (four 5-min washes) was performed prior to the addition of one of the following primary antibodies: anti-6x-His HRP-conjugated antibody (Abcam) for scFv13 and anti-human Fc HRP-conjugated antibody (Thermo Scientific) for anti-HAG IgG. Immunodetection was performed by adding 50 μl of blocking solution containing a 1:5,000 dilution of the appropriate antibody to each well followed by incubation for 1 h at 4°C. This was followed by six 5-min washes with cold washing solution (0.5%Tween-20 in PBS). Detection of bound proteins was carried out using SigmaFAST o-phenylenediamine (OPD) tablets followed by monitoring at Abs~492~.

Crosslinking of SxDsbBΔC^GZ^(C130S) and cDsbA(C33A) {#S17}
---------------------------------------------------

Following purification of SxDsbBΔC^GZ^(C130S) and cDsbA(C33A), as described above, proteins were mixed in an equimolar ratio. The mixture was oxidized on ice for 1 h with 5 mM K~3~\[Fe(CN)~6~\] and stored in SEC buffer for downstream applications.

SAXS analysis {#S18}
-------------

SAXS data were collected at the Cornell High Energy Synchrotron Source (CHESS) G1 station in Ithaca, New York. Protein samples of SxDsbBΔC^GZ^(C130S), wt cDsbA and cDsbA(C33A) and crosslinked SEC fractions of SxDsbBΔC^GZ^(C130S) and cDsbA(C33A) were exposed with a 250 × 250 μm beam of 9.968 keV X-ray. Sample preparation included centrifugation at 30,000 × g for 30 min and filtration to remove any aggregates. Samples (30 μl) in a range of concentrations from 1 to 10 mg/mL were loaded and oscillated in the beam using an automated system with a plastic chip-based sample cell (2-mm path) and polystyrene X-ray transparent windows. The sample cell and X-ray flight path were placed under vacuum to reduce background scattering. Scattering patterns were captured on a Pilatus 100K-S detector (Dectris, Baden, Switzerland) at 1,504-mm distance. The exposure time was 5 s for each image and 10 images were recorded for each sample. All mathematical manipulations of the data (azimuthal integration, normalization, averaging and buffer subtraction) as well as error propagation were carried out using RAW software^[@R46]^. The range of momentum transfer was calculated to be 0.0068\<q=4∏ sin(θ)/λ\<0.28 Å--1, where 2θ is the scattering angle and λ=1.257 Å is the X-ray wavelength. Molecular weight estimated from a lysozyme standard (3.5 mg/ml, 50 mM NaOAc, 50 mM NaCl pH 4.0) agreed with our expectations within error. R~g~ was calculated using both Guinier approximation^[@R47]^ and the inverse Fourier transform method as implemented in the GNOM-ATSAS 2.6.1 package by D. Svergun EMBL-Hamburg. The pair distance distribution function P(r) was calculated using the GNOM program^[@R47]^. D~max~ was estimated based on the goodness of the data fit and smoothness of the decaying tail. The GNOM output file for the dimer was used as input to DAMMIF^[@R35]^ to perform *ab initio* shape reconstruction without imposing any symmetry. The 20 reconstructed bead models were superimposed and averaged using DAMAVER^[@R35]^ in the automatic mode. The mean NSD ± SD values were \<1 for all envelopes calculated, indicating close agreement between different reconstructed models. The creation of the atomistic models for both SxDsbBΔC^GZ^(C130S) and SxDsbBΔC^GZ^(C130S) crosslinked to cDsbA(C33A) were created using PyMOL and the following crystal structures: ΔspMBP crystal structure (pdb ID: 1NL5), ApoAI lipid-free crystal structure (pdb ID: 2A01), DsbA monomer (pdb ID:1a23), DsbA dimer (pdb ID: 1u3a), monomeric DsbB (pdb ID: 2k74), and DsbB in complex with DsbA (pdb ID: 2zup, 2hi7, 3e9j, 2leg). The computation of SAXS profiles of the models constructed for SxDsbBΔC^GZ^(C130S) (NSD=0.799) and SxDsbBΔC^GZ^(C130S) crosslinked to cDsbA(C33A) and their fit to experimental profiles was carried out using the Fast X-ray scattering web server (<https://modbase.compbio.ucsf.edu/foxs/>)^[@R48],[@R49]^

Data Availability {#S19}
-----------------

All data generated or analyzed during this study are included in this published article (and its supplementary information files).
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![A water-soluble DsbB variant that catalyzes disulfide bond formation *in vivo*\
(**a**) Schematic of the native *E. coli* disulfide bond formation pathway, which involves the endogenous transmembrane enzyme DsbB. DsbB is located in the inner membrane and interacts with its soluble periplasmic partner DsbA, which is localized to the periplasmic compartment by virtue of an N-terminal signal peptide specific for the cotranslational signal recognition particle (SRP) pathway. Electron transport is represented by the black arrows. DsbB obtains its electrons directly from quinones (Q). (**b**) Expression of DsbB as a soluble biocatalyst in the *E. coli* cytoplasm is accomplished using the SIMPLEx technology, which renders IMPs water-soluble by introduction of a 'decoy' domain (cMBP) and a 'shield' domain (ApoAI\*). DsbA is redirected to the cytoplasm by removal of its native signal peptide. Following co-expression, solubilized SxDsbB and export-defective DsbA (cDsbA) effectively transform the cytoplasm into a disulfide bond formation compartment. If needed, cDsbA expression can be improved by fusion to *E. coli* GST, a resident cytoplasmic protein that promotes solubility of its fusion partners.](nihms864513f1){#F1}

![*In vivo* solubilization of DsbB using the SIMPLEx strategy\
(**a**) Molecular architecture of SIMPLEx constructs SxDsbB and SxDsbBΔC^GZ^ used in this study. Each construct included N-terminal cMBP as decoy protein (orange), C-terminal ApoAI\* as shield domain (green), and intervening flexible linkers (L, grey) that connected cMBP and ApoAI\* to the DsbB domain. The DsbB domains tested were wt DsbB (top) and DsbBΔC^GZ^ (bottom), the latter of which is a C-terminally truncated DsbB variant harboring an engineered glycine zipper (GZ, red). (**b**) Western blot analysis of soluble (s), detergent solubilized (d), and insoluble (i) fractions prepared from *E. coli* strain BL21(DE3) carrying pET21-based plasmids encoding one of the following DsbB constructs: topologically inverted DsbB (H~0~DsbB^1/9b^), wt DsbB, DsbB-ApoAI\*, cMBP-DsbB, and cMBP-DsbB-ApoAI\* (SxDsbB) as indicated. Blot was probed with anti-6x-His antibody. Molecular weight (MW) markers are shown on the left. (**c**) Western blot analysis identical to panel (**b**) except with DsbBΔC^GZ^ in place of wt DsbB in all constructs as indicated. See [Supplementary Figure 9](#SD1){ref-type="supplementary-material"} for uncropped versions of the blot images.](nihms864513f2){#F2}

![Solubilized DsbB variants promote folding of alkaline phosphatase\
(**a**) Schematic showing disulfide bond connectivity for *E. coli* alkaline phosphatase, PhoA (2 disulfide bonds depicted by yellow circles connected by yellow lines). Alkaline phosphatase activity measured in periplasmic (white bars) and cytoplasmic (gray bars) fractions derived from the following strains: wt DHB4(DE3) cells (lacking the native *phoA* gene) carrying no plasmid (empty) or pBAD18-pPhoA (pPhoA); DHB4(DE3) Δ*dsbAB* cells carrying no plasmid (empty), pBAD18-pPhoA (pPhoA), pFH273 (cPhoA + cDsbA), or pFH273mut (cPhoA + cDsbA(APHA)), along with a pET21d derivative containing SxDsbB, SxDsbBΔC^GZ^, SxDsbBΔC^GZ^(C44A), or H~0~DsbB^1/9b^ as indicated; and SHuffle cells carrying no plasmid (empty) or pFH-cPhoA (cPhoA). Data is the mean of biological triplicates and the error bars represent the standard error of the mean (SEM). (**b**) Western blot analysis of the same periplasmic (p) and cytoplasmic (c) fractions assayed in (**a**) as indicated. Blots were probed with anti-PhoA antibody to detect PhoA (top panel) and anti-GroEL antibody to detect GroEL (bottom panel), which served as a cytoplasmic fractionation marker and loading control. Molecular weight (MW) markers are shown on the left. See [Supplementary Figure 10](#SD1){ref-type="supplementary-material"} for uncropped versions of the blot images.](nihms864513f3){#F3}

![Structural characterization of solubilized DsbB by biological SAXS\
Reconstructed particle envelopes calculated *ab initio* from the SAXS data for cDsbA(C33A) as a monomer (yellow) or dimer (purple) (**a**) and tetrameric SxDsbBΔC^GZ^(C130S) (blue) and tetrameric SxDsbBΔC^GZ^(C130S) crosslinked to cDsbA(C33A) (red) (**b**). Radius of gyration (*R*~g~) and maximum particle size (*D*~max~) are reported for each. Below each envelope is the corresponding crystal structure (PDB 1a23 for monomeric DsbA, PDB 1u3a for dimeric DsbA, PDB 2k74 for monomeric DsbB, PDB 2leg for the complex DsbB(C130S) and DsbA(C33A), PDB 2a01 for ApoAI and 1NL5 for MBP). For each construct, the mathematical representation of the fit for the corresponding crystal structure and its calculated envelope (log intensity, I(q), versus q) is plotted in [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}.](nihms864513f4){#F4}

![Proper folding of complex substrate proteins by solubilized DsbB variants\
(**a**) Disulfide bond connectivity for *E. coli* phytase, AppA (4 disulfide bonds depicted by yellow circles connected by yellow lines). Phytase activity (measured as absorbance at 410 nm) in cytoplasmic fractions derived from: *E. coli* strain DHB4(DE3) Δ*dsbAB* carrying no plasmids (empty) or pHIS-cAppA (cAppA) along with pET28-SxDsbB::GST-cDsbA, pET28-SxDsbBΔC^GZ^::GST-cDsbA, or pET28-H~0~DsbB^1/9b^::GST-cDsbA as indicated; and SHuffle cells carrying no plasmid (empty) or pHIS-cAppA (cAppA). (**b**) Western blot analysis of same cytoplasmic fractions assayed in (**a**). (**c**) Disulfide bond connectivity for murine urokinase, uPA (12 disulfide bonds depicted by yellow circles connected by yellow lines). Urokinase activity (measured as absorbance at 405 nm) in cytoplasmic fractions derived from *E. coli* strain BL21(DE3) carrying no plasmids (empty) or pET24b-urokinase along with pET28-SxDsbB::GST-cDsbA, pET28-SxDsbBΔC^GZ^::GST-cDsbA, or pET28-H~0~DsbB^1/9b^::GST-cDsbA as indicated; and SHuffle cells carrying no plasmid (empty) or pET24b-urokinase. (**d**) Western blot analysis of same cytoplasmic fractions assayed in (**c**). Blots were probed with anti-FLAG antibody to detect cAppA and c-uPA (top panels) and anti-GroEL antibody to detect GroEL (bottom panel), which served as a cytoplasmic fractionation marker and loading control. Molecular weight (MW) markers are shown on the left. Activity data is the mean of biological triplicates and the error bars represent the standard error of the mean (SEM). See [Supplementary Figure 11](#SD1){ref-type="supplementary-material"} for uncropped versions of the blot images.](nihms864513f5){#F5}
